A series of thioether-functionalized silsesquioxanes (SQs) was synthesized by radically initiated thiol-ene reactions of vinyl T 10 / T 12 SQ cages with a variety of commercially available thiols. The objectives of this study were to develop model reactions as the basis for using the vinyl T 10/12 compounds as novel crosslinking agents in the synthesis of new types of thiol-ene crosslinked polymers. A second motivation was to develop model compounds with controlled refractive indices and Abbe numbers as possibly modifiers of polymers used for a wide variety of optical and photonic applications. The reactions proceed under mild conditions over 24 h to give thioether SQs in high yields (>90%) and high purity without complex workup. The ease of synthesis coupled with the wide variety and availability of functionalized thiols provides a simple route to elaborating and functionalizing vinyl SQ cages. In addition, the resulting compounds exhibit refractive indices to 1.52 coupled with Abbe numbers to 51 due to the uniquely high electron density provided by the incorporated sulfur atoms, making them ideal compounds for use with optically transparent materials. In addition, cured forms of these compounds provide methods of raising the Abbe number of epoxy resins designed to index match fiberglass with the intent of making transparent fiberglass reinforced composites.
Introduction
Polyhedral silsesquioxanes (SQs), in particular the T 8 octasilsesquioxane "cubes" [(RSiO 1.5 ) 8 Fig. 1(a) ], represent a versatile class of highly symmetrical, three-dimensional organosilicon compounds with well-defined nanometer size structures. These compounds are extremely useful as platforms for assembling hybrid nanocomposites with properties intermediate between those of ceramics and organics, because these materials possess an ideal combination of a rigid, thermally stable silica core and a more flexible, modifiable organic shell. 1)23) Their ability to assemble at nanometer length scales should provide materials with highly reproducible global properties and the opportunity to precisely predict and tailor those properties. There is also the potential to generate new properties on the nanoscale not available in the bulk that can then be used to create entirely new materials by ordering over large length scales or simply using them as is.
Cubic or T 8 SQs are typically prepared via acid or basecatalyzed hydrolytic condensation of trifunctional organosilanes or by chemical transformation of pendant groups on pre-existing cages. Decameric T 10 and dodecameric T 12 cages [Figs. 1(b) and 1(c), respectively] are frequently minor products in T 8 cube syntheses, 24)26) and their derivatives often exhibit chemical, thermal, and mechanical properties that parallel those of the T 8 derivatives. 21 ), 25) We have previously reported the syntheses of a variety of functionalized Q 8 SQs, including octaglycidyl SQ [OG, Fig. 2(a) ] and its bifunctional (Janus) analog, [TGTSE, Fig. 2(b) ]. 27) We have also recently developed facile routes to functionalized T 10 / T 12 cages, such as thiol T 10 [ Fig. 2(c) ] and the vinyl T 10 /T 12 compounds described further below.
The work presented here details our efforts to develop nanobuilding blocks based on vinyl T 10 /T 12 SQ cages. These compounds, available as a mixture of isomers, readily react with thiols in the presence of free radical initiators to provide thioether functionalized SQs (Fig. 3) .
Thiol-ene (hydrothiolation) reactions are common synthetic tools for the creation of carbon-sulfur bonds that typically offer: (1) quantitative yields of products, (2) lack of byproducts, and (3) tolerance to air, water and a wide variety of solvents and functional groups. 28) , 29) For these reasons the thiol-ene reaction has garnered much attention lately as a "click" reaction. 28 ), 29) Vinyl SQs offer potential use as organicinorganic hybrid monomers for polymerization reactions and/or in the preparation of block copolymers, for example. 24 ),25),30)36) They can be also used as novel crosslinking agents in polymer systems. Polymer resins incorporating thermally robust SQ cages can exhibit improved thermal stabilities and oxidation resistance likely associated with the heat capacity of the cage and components that form a glassy layer of SiO x C y during pyrolysis that retards diffusion of O 2 through the surface char. 37) The double bonds of the vinyl T 8 and T 10 /T 12 SQs have previously been modified by Heck 38) and metathesis 38) , 39) reactions. The resulting compounds have been shown to be important synthetic platforms for constructing intermediates to 3-D star nanomaterials and beads on a chain (BoC) oligomers that exhibit unique photophysical behavior. 38) , 39) The synthesis of SQ thioethers described below is meant to represent yet another route to elaborate SQ cages with vinyl moieties. The reactions described here proceed in high yield in 24 h under mild conditions with AIBN.
This work also serves a first effort to develop thioether SQ compounds with control of both refractive indices (RI) and Abbe numbers as a route to materials that minimize the effects of chromatic aberration in optically transparent materials. Recently it has been shown that polymer resins containing sulfur atoms (thioethers, sulfones, cyclic thiophenes, etc.) exhibit high refractive indices and large Abbe numbers where generally the inverse (high RIs and small Abbe numbers or vice versa) is observed in transparent resins. 40 H-NMR spectra were collected at 400 MHz using a 6000 Hz spectral width, a relaxation delay of 3.5 s, a pulse width of 38°, 30 k data points, and CDCl 3 (7.27 ppm) or DMSO-d 6 (2.50 ppm) as an internal reference. 13 C-NMR spectra were collected at 100 MHz using a 25000 Hz spectra width, a relaxation delay of 1.5 s, 75 k data points, a pulse width of 40°, and CDCl 3 (77.23 ppm) or DMSO-d 6 (39.5 ppm) as the internal reference.
Thermal gravimetric analyses (TGA)
Thermal stabilities of materials under N 2 or air were examined using an SDT Q600 simultaneous DTA-TGA (TA Instruments, Inc., New Castle, DE). Samples (510 mg) were loaded in alumina pans and ramped to 1000°C while heating at 10°C/min. The N 2 or air flow rate was 60 mL/min.
Differential scanning calorimetry (DSC)
Calorimetry was performed on materials using a DSC Q20 (TA Instruments, Inc., New Castle, DE). The N 2 flow rate was 60 mL/min. Samples (1015 mg) were placed in a pan and ramped to 400°C (5°C/min/N 2 ) without capping.
Fourier-transform infrared spectroscopy (FTIR)
Attenuated total reflectance (ATR) Fourier transform spectra were recorded on a Nicolet iS10 Series ATR-FTIR spectrometer equipped with Smart Orbit diamond ATR accessory 30,000 200 cm ¹1 (Thermo Scientific, Inc., Madison, WI).
Gel permeation chromatography
All GPC analyses were done on a Waters 440 system equipped with Waters Styragel columns (7.8 © 300, HT 0.5, 2, 3, 4) with RI detection using Optilab DSP interferometric refractometer and THF as solvent. The system was calibrated using polystyrene standards and toluene as reference. Analyses were performed using PL Caliber 7.04 software (Polymer Labs, Shropshire UK).
Matrix-assisted
laser-desorption/time-offlight spectrometry MALDI-TOF was performed on a Micromass TofSpec-2E equipped with a 337 nm nitrogen laser in positive ion reflection mode using poly(ethylene glycol) as the calibration standard, 1,8,9-anthracenetriol (dithranol) as the matrix, and AgNO 3 as the ion source. Samples were prepared by mixing solutions of five parts dithranol (10 mg/mL in THF), five parts sample (1 mg/mL in THF) and one part AgNO 3 (10 mg/mL in water) and blotting the mixture on the target plate.
Refractive index and Abbe number measurement
RIs and Abbe numbers of samples were measured with an ATAGO Multi-Wavelength Abbe Refractometer DR-M2. RIs were measured at wavelengths of 486, 589, and 656 nm from which the Abbe number (¯D) was calculated. The system was calibrated with distilled water at ambient T.
Materials
Vinyl T 10 /T 12 and octaglycidyl 11g (OG) SQ were synthesized in-house at Mayaterials. Cyclohexanethiol, 2-butanethiol, 1-octanethiol, 1-hexanethiol, and cyclopentanethiol were purchased from Aldrich and used without further purification. All other solvents were purchased from Fisher or Aldrich and used as received. All reactions were conducted in the presence of air.
Synthetic methods 2.3.1 Synthesis of vinyl T 10 /T 12 silsesquioxane
Vinyltriethoxysilane [VTES, 1233 mL, 5.85 mol] was added to a dry 5000 mL round bottom flask equipped with magnetic stirrer and reflux condenser. THF (2500 mL) and H 2 O (135 mL, 7.50 mol) were added and the mixture stirred for 15 min. Tetrabutylammonium fluoride [TBAF, 1.0 M in THF, 248 mL, 0.25 mol] was added dropwise as the reaction mixture turns from cloudy to clear and becomes mildly exothermic. The reaction flask is then heated at reflux for 7 d. Approximately 1/2 of the volume of the reaction mixture is removed under reduced pressure (or distilled) and the equivalent of amount of EtAc is added back to the reaction flask. This is repeated a second time in order to remove as much of the THF, EtOH, and H 2 O as possible. CaCl 2 (200 g, 1.79 mol) was then added and stirred for 24 h. The insolubles are filtered and the organic layer is washed twice with H 2 O and then brine and dried over Na 2 SO 4 . EtAc is removed under reduced pressure to give a crystalline, white solid (approximate yield ³ 300 g). 
Synthesis of 2-butanethioether T 10 /T 12 silsesquioxane
Vinyl T 10 /T 12 silsesquioxane [10.00 g, 126 mmol vinyl (assuming 100% vinyl T 12 SQ)] was added to a dry 250 mL round bottom flask equipped with magnetic stirrer and condenser. THF (150 mL) was added via syringe followed by 2-butanethiolthiol (13.7 mL, 126 mmol) and 2.4 g AIBN (14.6 mmol). The reaction mixture was stirred at reflux for 24 h and then gravity filtered through fluted filter paper. Volatiles were removed under reduced pressure to give a viscous, light yellow oil (19.23 g, 90%, with respect to total initial mass of reactants). 
Synthesis of octanethioether T 10 /T 12 silsesquioxane
Vinyl T 10 /T 12 silsesquioxane [10.00 g, 126 mmol vinyl (assuming 100% vinyl T 12 SQ)] was added to a dry 250 mL round bottom flask equipped with magnetic stirrer and condenser. THF (150 mL) was added via syringe followed by 1-octanethiol (21.9 mL, 126 mmol) and 2.4 g AIBN (14.6 mmol). The reaction mixture was stirred at reflux for 24 h and then gravity filtered through fluted filter paper. Volatiles were removed under reduced pressure to give a viscous, light yellow oil (25.28 g, 89%, with respect to total initial mass of reactants). 
Synthesis of hexanethioether T 10 /T 12 silsesquioxane
Vinyl T 10 /T 12 silsesquioxane [10.00 g, 126 mmol vinyl (assuming 100% vinyl T 12 SQ)] was added to a dry 250 mL round bottom flask equipped with magnetic stirrer and condenser. THF (150 mL) was added via syringe followed by 1-hexanethiol (17.7 mL, 126 mmol) and 2.4 g AIBN (14.6 mmol). The reaction mixture was stirred at reflux for 24 h and then gravity filtered through fluted filter paper. Volatiles were removed under reduced pressure to give a viscous, light yellow oil (23.05 g, 93%, with respect to total initial mass of reactants). 
Synthesis of cyclopentanethioether T 10 /T 12 silsesquioxane
Vinyl T 10 /T 12 silsesquioxane [10.00 g, 126 mmol vinyl (assuming 100% vinyl T 12 SQ)] was added to a dry 250 mL round bottom flask equipped with magnetic stirrer and condenser. THF (150 mL) was added via syringe followed by cyclopentanethiol (13.4 mL, 126 mmol) and 2.4 g AIBN (14.6 mmol). The reaction mixture was stirred at reflux for 24 h and then gravity filtered through fluted filter paper. Volatiles were removed under reduced pressure to give a viscous, light yellow oil (21.38 g, 94%, with respect to total initial mass of reactants). 
Results and discussion

Synthesis and characterization of SQ thioethers
SQ thioethers were prepared from the reaction of vinyl T 10 / T 12 SQs (synthesized at Mayaterials, Inc.) with commercially available thiols (Fig. 4) . The reactions were run using AIBN as a radical initiator in refluxing THF for 24 h. Performing the synthesis in this manner provides, in one step and in a single reaction vessel, the appropriate SQ thioether(s) with 100% conversion, as no residual vinyl groups are detected by 1 H NMR or FTIR as discussed below. All products are viscous, faint yellow liquids.
Vinyl T 10 /T 12 SQs are a mixture of isomers with the dominant ionizable species being the deca-and dodecavinyl compounds (Fig. 5) . MALDI also detects the presence of a small amount of vinyl T 14 . The absolute quantities of T 10 , T 12 , and T 14 in the product mixture cannot be determined by MALDI alone due to the differences in ionization efficiencies of each species. However, since relatively low MW SQ monomers are readily ionizable and many have been successfully characterized by MALDI techniques by us 16)22),43)45) and others, 46)48) we can use the MALDI peak heights as a relative (qualitative) measure of the amounts of each species in the sample. Unlabeled peaks in Fig. 4 correspond to fragments generated by the MALDI laser, mainly from loss of 12 vinyl (CH=CH 2 ) groups from the T 12 and T 14 cages.
Since the synthetic procedures and subsequent characterization are analogous for all of the thioether SQ products, only the synthesis and characterization of the cyclohexanethioether SQ is discussed in further detail.
Synthesis and characterization of cyclohexanethioether SQ
Vinyl T 10 /T 12 was reacted with cyclohexanethiol [ Fig. 4(a) ] in the presence of AIBN to produce the corresponding cyclohexanethioether T 10 /T 12 SQs (Fig. 6) after 24 h at THF reflux. The product FTIR is consistent with the structure, with characteristic¯CH (28502924 cm ¹1 ) and¯SiO (1112 cm ¹1 ) bond stretching observed and no¯C=C and¯SH bands detected. GPC chromatography shows two broad peaks attributed to the T 10 and T 12 /T 14 cage species.
The MALDI-TOF spectrum of the cyclohexanethioether SQs is shown below in Fig. 7 . Interestingly, only the fully substituted cyclohexanethioether T 10 (m/z = 2061 Da) and T 12 (m/z = 2452 Da) compounds are detected. However, the absence of any substituted T 14 species does not imply that the products consist only of T 10 and T 12 cages, especially since we detect a small amount of vinyl T 14 (see Fig. 5 ) in the SQ starting material. As mentioned above, we 38),43)45) and others 46)48) have observed difficulties in observing higher MW cage compounds by MALDI due to the low ionizability (mass to charge ratio) of higher MW SQ cages/ oligomers. MALDI did not show any unreacted vinyl T 10 /T 12 or T 14 species and there is a notable absence of vinyl peaks (multiplet ³ ¤ 6 ppm) in the 1 H NMR spectrum, indicating that all of the vinyl bonds react (Fig. 8) . Unreacted thiol protons (doublet ³ ¤ 1.5 ppm) are also not observed by 1 H NMR. The broad NMR peaks indicate that the reaction products are a mixture of cage species, as supported by both MALDI and GPC.
Refractive indices and Abbe numbers of thioether SQs
Thioether SQs synthesized from vinyl T 10 /T 12 cages contain a high density of sulfur atoms per unit volume making them highly suitable for increasing the RI and/or Abbe number of optically transparent materials. A comparison of the RIs and Abbe numbers of the thiol reagents to the thioether T 10 /T 12 SQs (Table 1) shows significant increases likely attributed to the increased packing density of sulfur atoms. Currently, we are exploring the use of thioether SQs in reducing chromatic dispersion in transparent materials as explained further below. Thioether compounds are either physically mixed into or used as crosslinking agents for transparent resin systems.
Transparent resins with high RIs and Abbe numbers are important as adhesives for joining optical glass fibers or for mending broken glass objects, for example. 49) Alternatively, matching the RI of a resin to E-or S-glass fibers ( Table 2 ) allows for the fabrication of highly transparent fiber-reinforced composites (FRCs) for high strength/low weight applications. Optically transparent FRCs offer great potential for use as plane canopies/ windows or transparent armor. 50),51) Mayaterials has recently fabricated highly transparent (>90% light transmission 52) ) FRCs by matching the RIs of SQ resins to commercially available Eand S-glass fiber mats (4070 wt %; Fig. 9 ). The mechanical properties of these composites will be reported in future work. 53) The ideal optically transparent FRC would consist of a matrix and reinforcement with equal RIs over the entire wavelength range of visible light. Unfortunately, the slight variation of a material's RI with changing wavelength often leads to mismatches in the dispersion (RI vs. wavelength) curves of the matrix and reinforcement. 50) , 51) This mismatch leads to chromatic aberrations in the form of slightly colored hues (when viewed in front of a light source) in the FRC.
A proposed remedy is to increase the Abbe number (i.e. minimize ¦n over ) of resins while maintaining the appropriate RI match. The addition of sulfur atoms to polymer resins has Table 2 ). We are currently investigating the effects of the thioether SQ compounds synthesized above on our E-and Sglass resin systems and these results will be reported soon. 53) 
Conclusions
We have demonstrated the facile synthesis of a variety of thioether SQs from the reaction of vinyl T 10 /T 12 with commercially available thiols. The versatility and simplicity of the thiolene reaction makes it an attractive approach to functionalizing vinyl T 10 /T 12 SQ cages. We are currently exploring the application of these compounds as additives/crosslinking agents for use in optically transparent materials. Thioether SQs exhibit high refractive indices (to 1.52) and Abbe numbers (to 51) due to incorporated sulfur atoms. We have specifically shown that the addition of cyclohexanethiol SQs to Mayaterials' S-glass resin system increases the Abbe number (>10%) without detriment to the RI. *Mayaterials proprietary epoxy SQ resin system. RI and¯D reported for cured resins that closely match the RIs of E-or S-glass (see also Fig. 9 ). ³ Abbe numbers not reported for E-and S-glass fibers since they are typically used as composite reinforcement and not for optical purposes. Fig. 9 . S-glass (55 wt %) fiber-reinforced composite refractive indexmatched with Mayaterials' S-glass SQ resin system. The rectangular composite is outlined with a dashed line above.
